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Recent CDF analysis show mass dependent
forward-backward top-pair asymmetry.



Jung ,	
  Murayama,	
  Pierce,	
   	
  Wells

Flavor changing, same sign top pair at LHC

K. Cheung, WYK, and T.C. Yuan looked at the
charged W' instead of the neutral Z', 0908.2589.



Simple formulas (for V and S)
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Triple-Top: SM

• SM production associated with W, b, or single

jet (at LO)

• Weak process + initial state b-quark

– Low rates

With	
  V.	
  Barger	
  and	
  B.	
  Yencho,	
  Phys.Le(.	
  B687	
  (2010)	
  70	
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Top Production: SM
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Conclusions

• Small SM triple-top cross-section gets large

enhancement in some new physics models

• Cross sections probably still too small to be

discovery mode

• Triple-top signal can be used to learn certain

model properties
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Models: MSSM

•                      is typically dominant SUSY

process at LHC

• “Focus Point” region: (ex: SPS 2)

– therefore

             kinematically forbidden

• Can have large BR to tops
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Models: MSSM

• At SPS 2 (mSUGRA benchmark):



Pheno 2010 Brian Yencho - UW Madison 8

Models: Z’

• Additional U(1) with interaction term:

• Introduced to explain top-pair FB asymmetry
S. Jung, H. Murayama, A. Pierce, and J.D. Wells, arXiv:0907.4112 [hep-ph]

•       : forces decay

• Best-fit:

• We take:
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Models: Z’

• Leading diagram from t-channel Z’ exchange

• No associated jet, b, or W (at LO)

• Total contribution goes as
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Triple-Top Cross-Sections



QCD correlations

At the LHC, dominant production of t t̄ in SM : gg → t t̄
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Correlated top quarks spins⇒ angular correlations of their decay
products.
We will focus on azimuthal correlations.
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QCD correlations

Define the following coordinate system in c.o.m. of t t̄ system:

!W−
Φ

!̄t !t
!̄b

!b

!W+

ŷ′

x̂′

ẑ′

Φ is the (azimuthal) angle between the t / t̄ decay planes about the t
momentum axis in t t̄ rest frame
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QCD correlations

For a given c.o.m. energy
√
ŝ:

1
σ̂QCD

dσ̂QCD
dΦ =

( 1
2π
)

[

1+CQCD(βt)
(

π
4
)2 (1−2ρw )2

(1+2ρw )2
cos(Φ)

]

,

where

ρW = (m2
t /M2

W )

βt =
√

1−4m2
t /ŝ

CQCD(βt) =
(

(1−β2t )
β2t

)(

βt (33−31β2t )−(1−β2t )(33−2β2t ) tanh−1(βt )
βt (59−31β2t )−2(33−18β2t +β4t ) tanh−1(βt )

)
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QCD correlations
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The function CQCD takes the limits

CQCD →
{

1 as βt → 0
0 as βt → 1
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QCD correlations
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√ŝ =

low energies → (Potentiallly) Visible correlation
high energies → flat

This is the SM prediction at LO.
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Top quark pair production at the LC

Electroweak corrections
Glover et al. hep/ph04010110
Fleischer et al. hep/ph0302259

3 TeV

500 GeV

1 TeV

tt production at ILC:

s~0.6 pb
at √s = 500 GeV

 ~0.2 pb
at √s = 1000 GeV

γ,Z
e+

e-

120k  tt events/year
Assuming L =1034 cm-2s

Is it safe to ignore the theory error?

Top	
  pair	
  in	
  e+e-­‐	
  

Precision	
  measurements	
  
	
  
	
  of	
  the	
  top	
  mass	
  
	
  of	
  its	
  electroweak	
  coupling	
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Figure 4.1: Coupling errors for ILC and for LHC.Note LHC errors are divided
by 10.

The spectacular improvement with respect to LHC errors [14], quoted in Figure
4.1, is not explained by the higher integrated luminosity assumed in the present
study but seems to be due to the use of better observables. Comparable accuracies
were given for FZ

1

in [14] but without disentanglement with photon couplings.
In the Figure 4.1, LHC errors are compared to the LC results from this analysis.

4.2 Future work

The aim is to repeat this analysis on the hadronic side of the tt̄ event in order to
combine finally leptonic + hadronic sides and in this way achieve the maximum e�-
ciency and reduce to a negligible amount the wrong reconstructed events. Another
goal is recalculating backgrounds (WW, b ! l) that probably will vanish.

We expect that LHC analysis will also improve but it will be very hard to compete
with LC accuracies on top couplings measurements. LHC will provide precise results
on charged currents using top decays and single top production.

These excellent results need to be confirmed by taking better account of possible
systematical e↵ects.

Coupling	
  errors	
  for	
  ILC	
  and	
  for	
  LHC.	
  	
  
Note	
  LHC	
  errors	
  are	
  divided	
  by	
  10	
  
	
  



the helicity axis of the t. Above the tt̄ threshold, the top quark is produced with nonzero

momentum. As a result of the Lorentz boost, the anti–lepton !+ produced in the decay of

the right handed top quark tR has a higher energy than that produced in the decay of the

left handed top quark tL. Similarly, the lepton l produced in the decay of t̄L has a higher

energy than that produced in the decay of t̄R. Consequently, in the decay of the pair tLt̄L

the lepton from t̄L has a higher energy than the anti–lepton from tL; while in the decay of

tRt̄R the anti–lepton has a higher energy. Therefore one can observe N(tLt̄L) − N(tR t̄R) by

measuring the energy asymmetry in the leptons. It turns out that this energy asymmetry is

sensitive only to the absorptive parts of CP violating form factors.

There is another equally interesting CP–odd effect in the azimuthal angular distribution,

namely, the rate difference between the events with !± above the reaction plane and the

events with !± below the reaction plane. Such an observable, like the previous one, is a

direct measurement of CP violation and thus has no background from the CP conserving

interactions. Unlike the previous case, this up–down asymmetry will probe the CP violating

dispersive form factors. Though there have been many studies of CP violating observables in

the literature[5, 6], we feel that the above two observables are simple and intuitive in nature

and are easily implemented in future experiments.

Finally, we will use a generic neutral Higgs model with CP violation in the Yukawa

couplings to illustrate how these observables can arise. Such mechanisms of CP violation are

contained in many extensions of Standard Model including the simple two doublet model[7].

Throughout this paper, we focus our attention on CP non–conservation in the production

mechanism only. There will be additional contributions if the usual V −A decay amplitude

is also modified by CP violating interactions[8].

II. CP violating form factors and amplitudes.

We start by writing down the general form factors of the t quark. The vertex amplitude

ieΓj for the virtual γ∗ or Z∗ turning into t(p) and t̄(p′) can be parametrized in the following

expression:

Γj
µ = cj

vγµ + cj
aγµγ5 + cj

diγ5

pµ − p′µ
2mt

+ · · · , j = γ, Z. (1)

3

CP	
  viola2on	
  in	
  top	
  pair	
  produc2on	
  at	
  an	
  e+	
  e-­‐	
  collider	
  	
  

WYK	
  with	
  Chang	
  and	
  Phillips,	
  	
  	
  Nucl.	
  Phys.	
  B408	
  (1993)	
  286.	
  	
  

We use the tree–level values for cv and ca. They are

cγ
v = 2

3 , cγ
a = 0,

cZ
v = (1

4 −
2
3xW )/

√

xW (1 − xW ) , (2)

cZ
a = −1

4/
√

xW (1 − xW ) .

Here xW " 0.23 is the electroweak mixing angle in the Standard Model. The cd terms are

the electric dipole form factors. The spinor structure can be rewritten into another form

using iγ5(p − p′)µ = σµν(p + p′)νγ5. Other irrelevant terms, like the magnetic moments, are

not listed in Eq.(1). It can also be easily shown that, in the limit me = 0, cd is the only

relevant form factor for the CP violating quantities we are interested in.

The helicity amplitudes e2M(he, hē, ht, ht̄) for the process e−e+ → tt̄ at the scattering

angle θ have been given in the literature[6]. For the initial configuration of eLēR, we have

M(− + −+) = [cγ
v + rLcZ

v − βrLcZ
a ](1 + cos θ)

M(− + +−) = [cγ
v + rLcZ

v + βrLcZ
a ](1 − cos θ)

M(− + −−) = [2t(cγ
v + rLcZ

v ) − i
2(c

γ
d + rLcZ

d )β/t] sin θ (3)

M(− + ++) = [2t(cγ
v + rLcZ

v ) + i
2(c

γ
d + rLcZ

d )β/t] sin θ .

Here we have used the convention [9] that CP invariance, when cγ,Z
d are turned off, is signified

by the relation

M(σ, σ̄;λ, λ̄) = M(−σ̄,−σ;−λ̄,−λ). (4)

The dimensionless variables are defined by, t = mt/
√

s, z = mZ/
√

s, β2 = 1 − 4t2. The

Z–propagator and its coupling to the left–handed electron gives −erL/s with

rL = (1
2 − xW )/[(1 − z2)

√

xW (1 − xW )] (5)

The cross section is

dσ(eLēR → tht
t̄ht̄

)/d(cos θ) = 3
2πα

2β|M(−+, ht, ht̄)|2/s . (6)

A color factor 3 has been included explicity in the above formula. Similarly, we obtain

formulas for the initial configuration eRēL with rL replaced by rR,

rR = −xW /[(1 − z2)
√

xW (1 − xW )] , (7)
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M(− + −+) = [cγ
v + rLcZ

v − βrLcZ
a ](1 + cos θ)

M(− + +−) = [cγ
v + rLcZ

v + βrLcZ
a ](1 − cos θ)

M(− + −−) = [2t(cγ
v + rLcZ

v ) − i
2(c

γ
d + rLcZ

d )β/t] sin θ (3)

M(− + ++) = [2t(cγ
v + rLcZ

v ) + i
2(c

γ
d + rLcZ

d )β/t] sin θ .

Here we have used the convention [9] that CP invariance, when cγ,Z
d are turned off, is signified

by the relation

M(σ, σ̄;λ, λ̄) = M(−σ̄,−σ;−λ̄,−λ). (4)

The dimensionless variables are defined by, t = mt/
√

s, z = mZ/
√

s, β2 = 1 − 4t2. The

Z–propagator and its coupling to the left–handed electron gives −erL/s with

rL = (1
2 − xW )/[(1 − z2)

√

xW (1 − xW )] (5)

The cross section is
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Note that information on cZ
a in Eq.(20) is lost when integrating the whole range of cos θ.

However, one can easily find other convolution in Eq.(23) to recover the CP information due

to cZ
a .

In Fig. 2, we plot the integrated up–down asymmetry Au.d. per unit Re cγ
d or Re cZ

d for

various parameters. It seems that Au.d. per unit Re cd increases with
√

s, however, Re cd is

usually energy dependent, characterized by the underlying scale of new physics. Above that

scale, Re cd diminishes very fast. Therefore, the optimal choice of
√

s is about at the scale

of new physics. Note that even if Re cd is relatively constant and the angular asymmetry

is larger at higher energy, the event rate will become smaller because of the nature of the

s–channel production.

To measure the up–down asymmetry, we need a good determination of the reaction plane.

This is possible for those events in which one of the top quarks decays hadronically into jets.

One may be concerned about the imperfect angular resolution of hadronic jets. We argue

that even if the angles of jets are ambiguous at the level of 10 degrees or so, as long as some

sort of orientation of the reaction plane can be defined, the asymmetry will not be smeared

away by more than one order of magnitude. For example, one can simply discard events

10

Here we will focus on I(−) which does not require final state interactions. Since ρ is

hermitian, the only nonzero component of I(−) is I(−)+−. It can be related to cd as

N (θ)Im [ρ(θ)+− − ρ̄(θ)−+] = 2 sin θ
∑

h=R,L

(−h)(cγ
v + rhc

Z
v ± βrhc

Z
a cos θ)Re (cγ

d + rhc
Z
d )β/t ,

(20)

where the contributions h = R, L pick up the signs +,− respectively. One can in principle

make detailed angular analysis of the difference between Eq.(15) and its CP conjugate in

Eq.(17) similar to what was done for the case of e−e+ → W−W+ by Gounaris et al.[11]

However, in an effort to find simpler observables which may be more intuitive and may

be easier to detect, we shall consider the following partially integrated observable. Let

dN($+, up) count events with $+ above the xz plane, i.e. py($+) > 0. Then, with other

obvious notations, we define the following up–down asymmetry

Au.d.(θ) =
[dN($+, up) + dN($−, up)] − [dN($+, down) + dN($−, down)]

[dN($+, up) + dN($−, up)] + [dN($+, down) + dN($−, down)]
. (21)

It is evaluated for each scattering angle θ. The branching fraction of the t semileptonic decay

cancels in the ratio. Integrating on ψ,ϕ or ψ̄, ϕ̄ over up or down hemispheres, we obtain

Au.d.(θ) in a very simple form from Eqs.(15,17),

Au.d.(θ) = 1
2(Im ρ̄(θ)−+ − Im ρ(θ)+−) (22)

As we sum up contributions from $± in each square bracket of Eq.(21), the asymmety is

insensitive to the sign of charge, it is obvious that a non-vanishing value of Au.d(θ) is a

genuine signal of CP violation. Although the angular distributions of the leptons derived

from Eq.(3) will have corrections from the strong interaction, the corrections cannot fake the

CP asymmetry as the effects due to the strong interaction cancel away in the differences.

To enhance statistics, it is useful to measure the integrated up–down asymmetry,

Au.d. =
1

σ

∫

Au.d.(θ)
dσ

d(cos θ)
d(cos θ) . (23)

From Eqs.(20-23), we obtain,

Au.d. = −3π

16

∑

h=L,R(−h)(cγ
v + rhcZ

v )(Re cγ
d + rhRe cZ

d )β/t
∑

h=L,R(3 − β2)(cγ
v + rhcZ

v )2 + 2β2r2
hc

Z
a

2 . (24)
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LHt̄t = −(mt/v)t̄(APL + A∗PR)tH , v = (
√

2GF )−
1

2 # 246 GeV . (1)

The complex coefficient A is a combination of model-dependent mixing angles. Simultaneous

presence of both the real part AR = ReA and the imaginary part AI = ImA guarantees CP

asymmetry. For example, at the low energy regime, it can give rise to the electric dipole

moment of elementary particles [6,7]. Here we will show that CP nonconservation manifests

itself in the event rate difference in collider experiments. We denote δQCD, δγ , δZ , δH ,

δWW , δZZ , as contributions in CP asymmetry due to the exchange of the gluon, the photon,

the Z boson, the Higgs bosons, or those with intermediate states of a W pair or a Z pair

respectively,

∆ ≡
N(tLt̄L) − N(tRt̄R)

N(all tt̄ from H)
=
δQCD + δγ + δZ + δH + δWW + δZZ

β2
t A

2
R + A2

I

, (2)

with β2
t = 1 − 4m2

t /M
2
H. The one–gluon exchange gives large CP asymmetry,

δQCD = (CαS/2)Im(A2)(1 − β2
t ) , (3)

with the color factor C = 4/3. It is interesting to note that the imaginary part of the

one–loop graph contributes a factor of AR while the tree graph contributes AI (that is, the

pseudoscalar coupling). When AI ∼ AR, the asymmetry is of order of the strong coupling

αS, about 10−1. Fig. 2 shows how such asymmetry depends on MH . Note that there is no
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Fig 1 Feynman diagrams for the process H~t{ The tree amph- 
rude (a) interferes wxth those one-loop amplitudes with the final 
state interacUons coming from (b) the exchange of a gluon g, a 
photon ~,, a Z gauge boson or a Hlggs boson H,, (c) the interme- 
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Fig 2 [N(tL[L)--N(tR[R)]/N (all t~ from H) versus Mn for 
rot= 150 GeV The illustration is for the case AI=AR=B=O 5 

part an which both vertices of  Z are axial-vectorial The parts with one axml vector vertex and one vector vertex 
do not contrabute For  the part involves only the axml vector vemces  of  the Z boson, the tree graph can contrab- 
ute either scalar or pseudoscalar couphng The contrabution from the Haggs bosons is more complicated In 
general, these are more than one neutral Higgs bosons H,, with Yukawa couplings to the t-quark of  the form 
~H,r, = -- (mr~ v)Y, [(a, PL -b a* PR )tH, The coefficient A as only one of  these a, The overall effect f rom all Hlggs 
bosons is 

dE= x~ ~ Gym 2 z 2 
8re ~ F  ~ [ f l t lm(A2a72)+(1- f12 , ) Im(A)Re(A[a ,  12+Aa72)] (5) 

This general formula is vahd  for the decay of  each Higgs boson in the system For the purpose of  illustration, we 
work in a simplified case of  the decay of  the llghtest Higgs boson H Then, if  the effects of  heavier Haggs bosons 
can be neglected, the formula as much reduced as an=A and the first term m the bracket of  the above equation 
vamshes Numerical  study shows that d n is very small in thas scenario 

There are amportant contrabutaons from processes involving W + W -  or Z Z  intermediate states as shown m 
fig 1 The ampli tudes depend on the vertices 

5°HWWHzz=Bg2H[MwW +~W y + ~ (Mz/cOs Ow)Z~Z~] (6) 

In any model,  the scalar boson that couples to the W pmr or Z pmr as the scalar partner of  the unphyslcal Haggs 
boson This scalar boson is m general not a mass eigenstate Therefore we parametnze  its coupling by a phenom- 
enologlcal coefficient B an addit ion to the usual SUL(2)  gauge coupling gz The coefficient B represents the 
maxlng factor needed to reach the mass eagenstate It reduces to unity m the standard model  with one single 
Hlggs doublet For  the dmgrams with W + W - intermediate  states, we obtain the CP asymmetry 

dww= V/2 GvM2BALflWfl, F(3fl2t -2 /3~ - 1 1 -/32 )L tR  1 +/32w] 
-- 4g LK ~ + fl~(l_fl2w)) t/-,w, f l , ) - 2 L ( f l w , ] 3 , ) + 2 +  l ~ 2 w j ,  (7) 
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Introduction

The direction of the top decay products are correlated with its spin vector
in its rest frame

tb W+

L

⇒

⇒ ×

t bW+

T

⇒

⇐=⇒
Longitudinal ∼ 70% Transverse ∼ 30%

The net effect is that
* t → b tends to be emitted in direction opposing t spin
* t̄ → b̄ tends to be emitted in direction along t̄ spin

Effect can be seen in the correlations of t t̄ decay products

Brian Yencho (Universitat de Barcelona) Azimuthal Correlations in Top Pair Decays Pheno 2012 3 / 23
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x ( l -  ) = x ( l  ÷ ) =x=4 E( l  +- ) /Mn  To prepare  a large sample for analysts, we only require that  each event has at 
least one p rompt  ant i - lepton l + from the t decay or one p rompt  lepton l -  f rom t h e / d e c a y  Fig 3 compares  the 
lepton and ant i - lepton energy dis t r ibut ions  for a typical  asymmetry  A = 0 1 One can also sum over channels of  
different  lepton flavor to increase the event  rate 

For  the W pair  product ion,  the tree level ampl i tude ,  p a r a m e t n z e d  by B, mterferes with the fermlon-loop 
ampl i tude  (fig 4) of  the b quark exchange to produce the CP vlola tmg asymmet ry  The resulting asymmetry, is 

( 2 ( 1 - f l z ) z  '~ N ( W + W c ) - N ( W + W ~ )  3x/~Gv m2 __fit L(flt,flw) 3 
A w -  U(al l  W + W - , f r o m H )  - 4nB AI flw 2 2 f l 2 - - ~ - ~ ]  (14)  

Note  that, for a heavy Htggs boson, its leading mode  is nei ther  W + W~- nor Wff. Wff ,  but  the longitudinal ly 
polar ized state of  W ~  W ~  However,  the W ~  W ~  state is CP self conjugate and cannot  provide  the CP asym- 
metry we are looking for Consequently,  there is a suppression factor m the last bracket  o f e q  (14)  The factor 
is the rat io between the transverse W -  W + rate and the overall  W -  W + rate from the Hlggs boson decay Fig 
5 shows such asymmetry ,  which is sizeable near  the threshold o f  t/- As expected, when the t/-threshold gets higher 
the asymmetry  gets smaller  due to the suppression of  the transverse modes  ment toned above This asymmetry  
can be detected by measur ing the energy asymmet ry  of  the opposi te ly  charged leptons l +- in the decays of  the 
W +- bosons We define the dimensionless  var iable  x (l) = 4E( l ) /Mn  m the H rest frame as before The x d l s tn-  
but tons due to the process H - ,  W + W -  are given by 

= (  ( l + f l w ~  _ ' ~ 3 [ f l Z w - ( 1 - x )  2] ( ( l - f l 2 w )  2 SAw~3(x- l+s f lw)  z 1 d N  \ 3  
idx(l+_) _ 2f12w + 3fl~v,] 4flSw + *=-,,+~Z \ 3 _ 2 f l z + 3 f 1 4  ~- .)  ~-6,-Tw- w (15)  

The first term above comes f rom the longi tudinal  W, and the rest are due to the two transversely polar ized W's 
(hehci ty s =  - 1, + 1 ) Each bracket  corresponds to the product ion weight of  the corresponding polar ized state 
Fig 6 compares  the lepton and ant i - lepton energy dls t r tbut ions for a typical  asymmet ry  Aw= 0 01 As before, 
we only require  that  each event has at least one p rompt  antt- lepton 1 + from the W + decay or one p rompt  lepton 
[ -  from the W -  decay It is worthwhile  to point  out  that  the smallness of Aw is most ly due to the large contrl-  
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CMS uses a kinematic likelihood technique to reconstruct top pairs in 4.7 fb�1 of l+jets
data at 7 TeV finding AC = 0.004 ± 0.010(stat) ± 0.012(sys) [8]. They use a weighting
technique to solve for the tt̄ kinematics in 5.0 fb�1 of dilepton data to find AC = 0.050 ±
0.043(stat)+0.010

�0.039(sys) [9]. In the same dilepton sample, the charge asymmetry based on
lepton rapidities is measured to be AC = 0.010± 0.015± 0.006.

ATLAS has examined 1.04 fb�1 of l+jets top events at 7 TeV using a kinematic likelihood
reconstruction to find AC = �0.018±0.028(stat)±0.023(sys) [10]. ATLAS has also examined
the asymmetry in 4.7 fb�1 of dilepton data [11], using a matrix element method for the top
reconstruction, where they find AC = 0.057±0.024(stat)±0.015(sys). Combining l+jets and
dilepton results, ATLAS finds a best top charge asymmetry of AC = 0.029 ± 0.018(stat) ±
0.014(sys).

The inclusive top charge asymmetry measurements at the LHC are currently consistent
with either the SM predictions or the Tevatron top forward-backward asymmetry. Interest-
ing di↵erential measurements have also been established in all of the above, but are currently
somewhat statistics limited. The LHC-Tevatron comparison will be very interesting as the
LHC precision improves.

2. STANDARD MODEL PREDICTIONS

2.1. Perturbative calculations and resummations

Asymmetries have been studied in fixed order and resummed cross sections, in QCD
[12–14], and subsequently incorporating fixed order electroweak corrections [15, 16]. Thus
far, none of these calculations has resulted in a standard model asymmetry comparable to
the asymmetries observed at the Tevatron. At the Tevatron, the QCD asymmetry appears
to be driven primarily by an incomplete cancellation between contributions of soft virtual
gluons and opposite-sign corrections due to gluon emission [13, 14]. As discussed in the
following subsection, radiation is enhanced by the acceleration of color change, favoring
the amplitude for forward tops relative to backward. For soft gluon radiation, this e↵ect
is proportional to the rapidity of the top in the center of mass, leading to an asymmetry
that grows linearly with �y. Likewise, the asymmetry grows with the invariant mass of
the pair, as parton distributions fall o↵ more rapidly with the extra radiation necessary
to cancel virtual corrections, when the partonic invariant mass increases relative to 4m2

t .
Qualitatively, the same, roughly linear e↵ects in center-of-mass rapidity and invariant mass
are seen in the data, but with slopes larger by factors of roughly two in normalization, two
or more standard deviations from NLO-shower predictions.

Cross section estimates that include threshold resummation are of interest, since the
asymmetry at NLO is predominantly captured by the lowest order expansion of the
threshold-resummed cross section. This includes the linear increase with relative rapid-
ity seen in both predictions and data [13]. In the ratio that defines the asymmetry, the
NLO numerator is given by a non-leading, single-logarithmic remainder, which is dressed
multiplicatively by leading, double-logarithmic enhancements at higher order. In contrast,
at NLO the leading logarithmic contributions, which are forward-backward symmetric, are
present in the denominator, with similar enhancements at higher orders. Beyond leading
order, leading threshold e↵ects tend to cancel between the numerator and denominator.
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